Essential mixed cryoglobulinemia in humans is strongly associated with chronic hepatitis C virus infection. It remains controversial whether liver injury in hepatitis C is primarily attributable to direct viral cytopathic effect or to an immune-mediated response. We characterized the role of cryoglobulinemia in the development of liver disease in thymic stromal lymphopoietin (TSLP) transgenic mice that produce mixed cryoglobulinemia and develop hepatitis. The role of immune complexes in this animal model was evaluated using techniques of light, immunofluorescence, and electron microscopy. To assess the role of Fc receptor engagement in mediation of the disease, TSLP transgenic mice were crossbred with mice deficient for immunoglobulin-binding receptor ␥ IIb (Fc␥RIIb). Livers from the TSLP transgenic animals showed mild to moderate liver injury, minimal to mild fibrosis, and deposition of immunoglobulin around the portal tracts. TSLP transgenic mice deficient in inhibitory Fc␥RIIb had more severe hepatitis and accelerated mortality. TSLPassociated hepatitis bears strong similarity to hepatitis C virus-related hepatitis as it occurs in humans, making this a valuable model system of chronic hepatitis and fibrosis to study therapies aimed at manipulating immune responses. Periportal immune complex deposition may play an important role in the pathogenesis of hepatitis occurring in the setting of systemic cryoglobulinemia. 
The great majority of cases of essential mixed cryoglobulinemia, up to 70 to 100% in various series, are associated with chronic HCV infection, 4 -8 possibly as a consequence of lymphocytic infection. A recent meta-analysis of 19 studies published between 1994 and 2001 indicated that 44% of patients with chronic HCV infection also had detectable cryoglobulinemia, indicating the magnitude of this association. 9 Although this relationship between HCV and mixed cryoglobulinemia is now well established, 6 -8 the potential role of immune complex deposition in conjunction with cryoglobulinemia in the pathogenesis of liver injury has not been defined. Cryoglobulins are immunoglobulins or immune complexes that precipitate in cold and redissolve after rewarming. 4 The current classification of cryoglobulins distinguishes three types: type I, consisting of monoclonal immunoglobulin (IgG or IgM); type II, composed of monoclonal IgM with rheumatoid factor activity that binds to polyclonal IgG; and type III, which is a mixture of polyclonal IgM and IgG. 4, 7 Although there have been attempts to create a small animal model to study the pathophysiology of HCV-associated diseases, a good experimental model of liver injury consequent to HCV infection has yet to be established. 10 -12 To date, no animal model exists that develops cryoglobulinemia after viral infection, and the role of immune complexes in the pathogenesis of HCVrelated diseases is poorly understood.
The present studies use a mouse model of cryoglobulinemia in which mice overexpressing thymic stromal lymphopoietin (TSLP), an interleukin-7-like cytokine with B-cell-promoting properties, produce large amounts of circulating cryoglobulins of mixed IgG-IgM composition. 13 Development of mixed cryoglobulinemia in these animals results in systemic inflammatory disease involving kidneys, liver, lungs, spleen, and skin. The renal involvement closely resembles human cryoglobulinemic glomerulonephritis as it occurs in patients infected with HCV. 14 -16 We have also shown that the deletion of the inhibitory immunoglobulin-binding receptor ␥ IIb (Fc␥RIIb) in these animals leads to aggravated renal injury with accelerated morbidity and mortality. 17 Here, we extend these observations to the hepatitis that develops in TSLP transgenic mice, which despite the absence of hepatic infection by HCV, closely resembles the histological appearance of hepatitis encountered in patients with HCV infection. Accordingly, this may be a useful model to study mechanisms underlying the immune and inflammatory components of chronic hepatitis and fibrosing injury. Aggravation of liver injury in TSLP transgenic mice deficient in the inhibitory Fc␥RIIb indicates a role for immune complex activation of leukocytes via Fc receptors in the pathogenesis of liver injury associated with cryoglobulinemia.
Materials and Methods

Animal Study and Experimental Design
This study was originally designed to evaluate renal involvement by membranoproliferative glomerulonephritis in mice transgenic for TSLP and, subsequently, to test the role of Fc receptors in immune complex-mediated renal injury. The results of these studies have been published previously. 13, 17 The opportunity to study morphological changes in liver developed after animals were sacrificed. The experimental protocol for these studies was reviewed and approved by the Animal Care Committee of the University of Washington in Seattle. The TSLP transgenic mouse strain has been described previously 13 as has the combined TSLP transgenic and Fc␥RIIb knockout (TSLP/ Fc␥RIIb Ϫ/Ϫ ). 17 Mice were housed in the animal care facility of the University of Washington under standardized specific pathogen-free conditions (25°C, 50% humidity, 12-hour dark/light cycle) with access to food and water ad libitum.
A total of 130 animals were enrolled in this study, including 55 TSLP transgenic mice (20 females and 35 males), 10 TSLP/Fc␥RIIb Ϫ/Ϫ (five females and five males), 55 wild-type (20 females and 35 males), and 10 Fc␥RIIb Ϫ/Ϫ (five females and five males) controls. There were five animals in each group at each given time point. TSLP transgenic females and their wild-type controls were sacrificed at 2-week intervals from birth to 2.5 months of age. Males were sacrificed at monthly intervals up to 7 months of age. Females and males with combined TSLP/Fc␥RIIb Ϫ/Ϫ were sacrificed at a single time point (females at 50 days of age, males at 120 days of age), which has been shown in earlier studies to be the time when the renal and systemic manifestations of cryoglobulinemic disease are fully developed, with female mice demonstrating faster progression of the disease than males. Observations throughout a later time frame were precluded because of high mortality of the animals at these later times, attributed to concurrent severe lung involvement.
At the time points indicated, mice were anesthetized, blood was collected by cardiac puncture or retro-orbital bleeding, and organs were harvested. Hepatic tissue was fixed in 10% neutral buffered formalin for standard histology and fixed in half-strength Karnovsky's solution for electron microscopy (1% paraformaldehyde and 1.25% glutaraldehyde in 0.1mol/L sodium cacodylate buffer, pH 7.0). A portion of the liver was snap frozen in liquid nitrogen for immunofluorescence study.
Tissue Preparation and Histological Staining
Formalin-fixed tissue was processed and embedded in paraffin using routine protocols. Tissue blocks were sectioned at 4-m thickness for routine staining with hematoxylin and eosin (H&E), periodic acid-Schiff with diastase treatment, Masson's trichrome stain, Sirius red, and immunohistochemistry. Immunofluorescence staining was performed on snap-frozen livers, sectioned at 6 m and fixed in ice-cold acetone for 10 minutes.
Immunohistochemistry
Formalin-fixed tissue sections were processed for immunohistochemistry according to routine protocols, which have been previously described in detail. 13 B cells were detected using a monoclonal anti-CD45RA antibody (Pharmingen, San Diego, CA), and T cells were detected using a monoclonal rat anti-CD3 antibody (clone number CD302; Serotec, Raleigh, NC). Macrophages were detected with Mac-2 antibody (Cederlane, Ontario, ON, Canada). To detect the presence of lymphatic endothelial cells, the sections were stained with goat anti-mouse LYVE antibodies (R&D Systems, Inc., Minneapolis, MN). To identify follicular dendritic cells, frozen sections of liver tissue were stained with rat anti-mouse follicular dendritic cell antibodies (clone FDC-M1; BD Biosciences, San Jose, CA). The 2-m sections from paraffin-embedded tissues were deparaffinized in xylene and rehydrated in graded ethanol. Antigen retrieval was performed by heating tissue sections in antigen unmasking solution (Vector Laboratories, Burlingame, CA). Endogenous peroxidases were blocked in 3% hydrogen peroxide and endogenous biotin was blocked using the avidin/biotin blocking kit from Vector Laboratories. Slides then were incubated with the primary antibody diluted in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (Sigma, St. Louis, MO) for 1 hour at room temperature. The sections then were washed repeatedly and incubated with the appropriate secondary antibody. The ABC-Elite reagent (Vector Laboratories) was used for signal amplification, and 3,3Ј-diaminobenzidine with nickel enhancement was used as chromogen, resulting in black color product. Slides were counterstained in methyl green, dehydrated, and coverslipped.
Immunofluorescence
Acetone-fixed frozen sections were rehydrated in PBS, blocked with normal rabbit serum, and then incubated with fluorescein-conjugated antibodies against IgG, IgM, IgA, and complement factor C3 (Cappel Pharmaceuticals, Aurora, OH). Slides were subsequently coverslipped with Vectashield mounting medium (Vector Laboratories) and viewed with a fluorescence microscope (Zeiss, Thornwood, NY). A semiquantitative score was used to describe the fluorescence intensity (0, negative; 1, weak; 2, moderate; 3, strong).
Electron Microscopy
A detailed protocol for tissue preparation has been described elsewhere. 18 Grids were scanned and photographed using a Philips 410 electron microscope (Philips Export BV, Eindhoven, The Netherlands).
Serum Cryoglobulin Isolation
After collection, blood was allowed to clot at 37°C and then was centrifuged at 2800 rpm for 2 minutes. The collected serum was kept at 4°C for several days. The formation of cryoprecipitates was identified visually after 3 to 5 days. The detailed procedure for cryoglobulin characterization has been described previously. 13 In brief, the cryoprecipitates were washed and resuspended in sodium chloride solution at 37°C. The components of the cryoprecipitates were evaluated by agarose gel electrophoresis and immunofixation for IgG, IgM, and and light chains. The involved immunoglobulin isotypes were evaluated using a mouse monoclonal antibody isotyping kit (Life Technologies, Inc., Gaithersburg, MD).
Quantitative Analysis and Statistics
Tissue sections stained with H&E, diastase-treated periodic acid-Schiff, and Masson's trichrome stains were used for histological assessment of liver injury. To assess the grade of inflammation and stage of the liver fibrosis, the tissue sections were evaluated according to the modified histological activity index of Knodell (also known as the Ishak score). 19, 20 According to this system, grading of inflammatory activity includes assessment of portal inflammation (scale 0 to 4; 0 ϭ none; 1 ϭ mild, some or all portal tracts; 2 ϭ moderate, some or all portal tracts; 3 ϭ moderate/marked, all portal tracts; 4 ϭ marked, all portal tracts); periportal injury (scale 0 to 4; 0 ϭ none; 1 ϭ mild, focal, few portal tracts; 2 ϭ mild/moderate, focal, most portal tracts; 3 ϭ moderate, continuous around in Ͻ50% portal tracts or septa; 4 ϭ marked, continuous around in Ͼ50% portal tracts or septa); assessment of confluent necrosis (scale 0 to 6; 0 ϭ none; 1 ϭ focal; 2 ϭ zone 3, some; 3 ϭ zone 3, most; 4 ϭ zone 3 and occasional portal-central bridging, 5 ϭ zone 3 and multiple portal-central bridging, 6 ϭ panacinar/multiacinar); and parenchymal injury (scale 0 to 4; 0 ϭ none; 1 ϭ mild, Յfocus per ϫ10 objective; 2 ϭ moderate, two to four foci per ϫ10 objective; 3 ϭ moderate, 5 to 10 foci per ϫ10 objective; 4 ϭ marked, Ͼ10 foci per ϫ10 objective). The schema for staging fibrosis is based on semiquantitative scale from 0 to 6 (0 ϭ none; 1 ϭ portal, some; 2 ϭ portal, most; 3 ϭ occasional bridging; 4 ϭ marked bridging; 5 ϭ incomplete cirrhosis; 6 ϭ established cirrhosis). 19, 20 Statistical analysis was performed using t-test without assuming equal variance. Quantitative results were expressed as mean Ϯ SEM. A P value of Յ0.05 was considered statistically significant.
Results
TSLP Transgenic Mice Develop Mixed Cryoglobulinemia and Hepatitis Reminiscent of Human Chronic Hepatitis C
Sera from 95% of TSLP transgenic animals and 100% of TSLP/Fc␥RIIb Ϫ/Ϫ animals contained visible cryoprecipitates, whereas all of the samples from the wild-type and Fc␥RIIb Ϫ/Ϫ animals lacked such precipitate. The cryoprecipitates from nine selected cases were analyzed and found to contain polyclonal IgM and polyclonal IgG (type III) cryoglobulins. All cryoprecipitates contained IgG1, IgM, and and light chains. IgG3 was present in two cases, and IgG2A and IgA were detectable in two cases. 13, 17 All TSLP transgenic animals sacrificed at 50 days (females) and 120 days (males) showed liver injury that was characterized by the presence of portal and periportal inflammation and foci of parenchymal injury (Figure 1, A-D) . The portal inflammation ranged from mild (9% females, 64% males), moderate (36% females, 18% males), moderate/marked (45% females, 9% males), to marked (10% females, 9% males). Periportal injury, characterized by the accumulation of inflammatory cells invading the hepatic parenchyma at the limiting plate with a consequent disappearance of periportal hepatocytes (piecemeal necrosis, interface hepatitis), was mild in 27% of females and 55% of males, mild to moderate in 18% of females and 18% of males, and moderate in 55% of females and 9% of males, and marked in 0% of females and 9% of males. Areas of confluent necrosis were absent in all of the cases. The degree of parenchymal injury varied from mild to marked and was predominately moderate (64%) in females (mild in 18% and marked in 18%) and mostly mild (36%) in males (no parenchymal injury in 27%, moderate in 27%, and marked in 9%). Periportal and lobular infiltrates were composed of mixed inflammatory cells, predominately lymphocytes and occasional plasma cells (Figure 1, C and D) . The mononuclear cells within portal areas frequently showed lymphoid follicle-like organization reminiscent of what is seen in chronic HCV hepatitis. No significant steatosis was present in any case.
Immunohistochemical studies revealed that the portal areas contained an approximately equal number of CD3-expressing T cells (Figure 2A ) and CD45RA-expressing B cells; however, the areas of follicle-like formation were composed mainly of B cells ( Figure 2B ), whereas more dispersed lymphocytes within the liver parenchyma expressed T-cell marker (Figure 2A ). Nu- merous cells within the portal tracts were labeled with macrophage marker (Mac-2). In areas of lymphoid follicle-like organization, the small capillaries expressed a marker of high endothelial venules (LYVE; Figure 2E ), typically found in such follicles in humans. Compared with the control section of the spleen, only occasional cells within portal tracts were labeled with an antibody to the follicular dendritic cell marker FDC-M1; overall, this was a rare finding.
Immunofluorescence studies revealed strong, predominately portal, deposition of IgM, with lesser deposition of IgG and IgA (Figure 3) . No significant deposition of complement factor C3 was observed. The control wild-type animals showed no significant hepatic pathology ( Figure 1E ) and no detectable deposition of these immune reactants (Figure 3 ). Despite the strong positivity for immunoglobulin heavy and light chains detected by immunofluorescence studies, we were not able to visualize immune-type dense deposits by electron microscopy that corresponded to the immunofluorescence findings.
TSLP Transgenic Mice Do Not Develop Cirrhosis
Examination of the Masson trichrome-and Sirius redstained slides revealed mild to moderate deposition of collagen within some (36% females, 45% males) or most (45% females, 54% males) portal tracts ( Figure 1B) . Only one TSLP male, at the age of 4 months, showed the presence of focal bridging. There was no evidence of cirrhosis. Overall, the fibrosis was present in 81% of females and 64% of males. The overall degree of fibrosis was similar in animals at different time points, without significant worsening throughout the time course studied (Figure 4) . Neither females nor males, at the given time points up to 75 and 210 days, respectively, developed significant fibrosis. Further observation beyond this time frame was precluded by the high mortality of the animals attributable to pulmonary involvement. Features of hepatitis, already present at the age of 30 days, remained stable thereafter for the remaining lifespan of these animals.
Deletion of Fc␥RIIb in TSLP Transgenic Mice Results in More Severe Liver Involvement by Hepatitis and Increase in Fibrosis
Animals transgenic for TSLP and additionally deficient in the inhibitory Fc␥RII showed a greater degree of liver injury. The groups of animals were compared at 50 days for females and 120 days for males. As revealed by the modified histological activity index scoring system, both (Figure 6 ). Similar to the TSLP transgenic animals, no discrete electrondense immune-type deposits could be ultrastructurally identified in portal or periportal areas of livers from TSLP/ Fc␥RIIb Ϫ/Ϫ animals.
Discussion
We have shown for the first time that the animals transgenic for TSLP with systemic mixed cryoglobulinemia but without known infection develop liver injury with histological features very similar to that seen in humans infected with HCV. This injury is further aggravated by the deletion of the inhibitory immunoglobulin-binding receptor Fc␥RIIb, pointing to the direct role of immune complexes in the pathogenesis of this process.
Features of human HCV-associated hepatitis that are specifically replicated in these mice include portal and periportal inflammation with features of piecemeal necro- sis, the presence of lymphoid aggregates in portal tracts, and lymphocytic aggregation within the lobules. Although the features of late stages of fibrosis are not well developed in all animals, it is possible that the mice need more time to develop severe fibrosis, in view of the situation of human disease in which HCV-infected patients may require ϳ20 years to develop cirrhosis. 21 It is unfortunate that the relatively short lifespan of TSLP transgenic and TSLP/Fc␥RIIb Ϫ/Ϫ mice precludes further studies of the progression of fibrosis.
An important feature of the hepatitis in TSLP mice is that immunohistochemical labeling reveals that a significant number of the portal and periportal inflammatory infiltrates in this animal model is composed of CD45RA-expressing B cells. However, in humans with HCV-induced liver disease, the majority of the infiltrating cells consist of T lymphocytes. 22, 23 The role of localized B cells in this model is not clear, but follicular aggregates of B cells in visceral organs such as liver and kidneys are often encountered in biopsies from patients with chronic immune inflammatory diseases such as systemic lupus erythematosus. Their significance in these settings is also unknown. This model may be a useful tool to study the contribution of B cells in the development of this aspect of liver disease.
It has been shown that the nonenveloped HCV core protein is a constitutive component of cryoprecipitable immune complexes in patients with type II cryoglobulinemia. 7 There is some evidence that the presence of cryoglobulins in patients infected with HCV correlates with the development of cirrhosis. 9 These findings point to an important role of cryoglobulins in the development and progression of HCV-related liver disease, but how this process evolves remains unknown.
Our findings are in agreement with the studies on human patients that suggest a relationship between the presence of circulating cryoglobulins and the severity and the stage of liver disease. 9, 24, 25 A recent review of such studies concluded that the presence of circulating cryoglobulins in patients with HCV infection is significantly associated with cirrhosis, independently of age, gender, and duration of the disease. 9 Treatment of HCVassociated cryoglobulinemia with an anti-CD20 antibody directed against B cells has been reported in two short, uncontrolled studies. 7, 26 This intervention resulted in significant remission in cryoglobulinemia and significant clinical improvement of purpura, arthralgia, and peripheral neuropathy despite increased or stable viral load. The liver function remained stable in patients followed for up to 18 months after therapy, but liver biopsies to evaluate histological changes have not been reported to date. Such studies support the premise that amelioration of cryoglobulinemia may lead to improvement or stabilization of concurrent liver injury in affected patients. The availability of an animal model to test therapies with such an approach is a new and valuable resource that has emerged from these studies.
We have shown, using immunofluorescence microscopy, that the liver injury in TSLP transgenic mice is associated with deposition of immune complexes containing IgM and IgG within portal tracts. However, electron microscopic examination did not reveal corresponding discrete electron-dense, immune-type deposits. We are unable to offer a convincing explanation for this phenomenon. Our interpretation that these are immune complexes is based on the observation that corresponding electron-dense deposits are present concurrent with IgG and IgM in kidneys of these mice 13 and on the observation that similar discrepancies are occasionally encountered in human glomerulonephritis, which is still considered of immune complex type. We nonetheless recognize that extrapolating these findings to the liver without better evidence is potentially inaccurate. We have considered the possibility that our immunofluorescence microscopy findings could represent direct binding to local antigens or some other mechanism of entrapment. This interpretation, although possible, seems unlikely because no significant staining was present in the control animals including wild type and Fc␥RIIb Ϫ/Ϫ . It is likely that these complexes play a role in the pathogenesis of liver injury in these animals. This hypothesis was further studied by modifying this animal model of systemic cryoglobulinemia to create mice additionally deficient in the inhibitory Fc receptor ␥. This receptor, which normally acts to dampen inflammatory responses by leukocytes, is engaged by the Fc component of deposited immunoglobulins. 27, 28 In addition, it has been recently shown to provide a peripheral checkpoint limiting the accumulation of autoreactive plasma cells, and its absence can augment the production of IgG antibodies in disease states. 29 The deletion of the Fc␥RIIb in the TSLP transgenic mice has been previously shown to exacerbate the kidney damage in this model. 17 Here, we show this mutation, which prevents amelioration of immune complex-induced inflammation and which may augment production of pathogenic IgG and IgG-containing immune complexes, results in significant worsening of liver injury, characterized by increased portal and periportal inflammation, parenchymal injury, and worsening of fibrosis.
The exact mechanism by which cryoglobulins may cause liver injury is uncertain. In addition to leukocyte engagement through Fc receptors, it is possible that the local deposition of immune complexes may elicit activation of the complement cascade. 30 Our studies, which fail to detect significant deposition of complement in conjunction with immunoglobulins, do not support such a scenario. Rather, previously reported studies in TSLP mice made doubly transgenic for the complement regulatory protein Crry 31 also support the hypothesis that the major system regulating local inflammation in this model is the Fc receptor system, with complement activation playing a minor role at best.
In summary, this study establishes a new model of chronic hepatitis in mice with systemic cryoglobulinemia and provides evidence for a direct role of immune complexes in the development, and possibly progression, of liver injury. This model provides an exceptional opportunity to study further the mechanism of liver injury associated with systemic cryoglobulinemia and to define opti-
